Purpose: To evaluate the influence of specimen thickness and low-temperature degradation (LTD) on yttrium-stabilized tetragonal zirconia polycrystals (Y-TZP).
Materials used for prosthodontics can be classified as metals, resins, porcelain-fused to metals, and all-ceramic materials. Recently, all-ceramic restorations have seen widespread use not only for anterior and posterior single crowns, but also in anterior three-or four-unit fixed partial dentures (FPDs). Among the several dental ceramics available, yttrium-stabilized tetragonal zirconia polycrystal (Y-TZP) is preferred by dentists and patients because of its superior flexural strength and fracture toughness. 1 Zirconia has three crystal phases depending on temperature: monoclinic (room temperature to 1170°C), tetragonal (1170-2370°C), and cubic (above 2370°C). 2 The tetragonalto-monoclinic phase transformation may be initiated by stress and/or the presence of water and is accompanied by a volume expansion of 3% to 5%. 3 However, zirconia can maintain the tetragonal phase at room temperature when stabilizers such as yttria, magnesia, and ceria are added. 4, 5 Hence, zirconia ceramics have attracted much research interest as engineering materials suitable for high-impact environments as well as in vivo applications; however, several authors have expressed concerns about the low-temperature degradation (LTD), or aging, of zirconia ceramics. 6, 7 In 1981, Kobayashi et al first reported this type of degradation caused by aging at 150 to 400°C. 8 Since then, numerous studies have focused on the LTD phenomenon associated with the mechanical properties of zirconia ceramics. [9] [10] [11] [12] [13] Since 2007, the problem of catastrophic failure has been attributed to LTD and transformation of the metastable tetragonal to the monoclinic phase, initiated and accelerated by water penetration. effect of thickness on the LTD has not been adequately investigated, most likely because the zirconia framework of an FPD is covered by veneering ceramics or luting materials, and therefore, is separated from the oral environment. On the one hand, some part of the FPD may not be covered with veneering ceramics, and it has been shown that the luting material absorbs water via the dentin tubules. 20 On the other hand, in recent years, fullcontour zirconia FPDs have become more popular. As opposed to conventional FPDs, full-contour FPDs are directly exposed to saliva. Zirconia dental implants and abutments are also directly exposed to blood and saliva. Therefore, zirconia might be intraorally exposed to moisture, which may lead to aging problems. 21 The aim of this study was to evaluate the influence of zirconia ceramic thickness on the LTD of dental Y-TZP.
Materials and methods
The experimental design is schematically depicted in Figure 1 . Six specimens were studied in each analysis.
Specimen preparation
Yttria-stabilized zirconia specimens of four commercial dental zirconia ceramics r LAVA; 3M ESPE, St. Paul, MN r In-Ceram YZ; Vita Zahnfabrik, Bad Sackingen, Germany r Zenostar T1; Wieland Dental, Pforzheim, Germany r ST; Upcera, Shenzhen, China were fully sintered according to the manufacturer's recommendations. The fully sintered blocks were sliced into specimens (23 mm length × 4 mm width × 0.8/1.5 mm thickness; that is, two different thicknesses). Except for the thickness, the sizes of the specimen blocks were based on a similar study, 22 and no power analysis was performed. The blocks were divided into 24 groups, each comprising six specimens. All specimens were polished with 6 μm diamond paste, followed by 1 μm for 10 minutes under 3 kg load, and then annealed at 1200°C in a porcelain furnace. The purpose of polishing was to remove all surface residual stresses, smooth the chipped corners of the specimens, and eliminate any cracks from inherent material defects. Annealing helps remove any monoclinic phase on the surface of the specimens during their preparation. The final size of the specimens was 22 ± 0.2 mm (length) × 3 ± 0.1 mm (width) × 0.7/1.3 ± 0.1 mm (thickness).
Low-temperature degradation (LTD) tests
LTD tests were performed following the ISO 13356 procedure, 23 at 134°C under a standard 2 bar vapor pressure. For constant boiling of the specimens, an autoclave (SX-700; TOMY, Katsushika, Tokyo, Japan) was used. The specimens were artificially aged in distilled water by heat treatment at 134°C and 0.2 MPa for 10 and 20 hours to induce the different aging time that would create phase transformation at the surface.
X-ray diffraction (XRD) analysis
XRD (D8; AdvanceBruker, Karlsruhe, Germany) analysis was carried out for phase identification and calculation of the relative monoclinic and tetragonal phase contents. Specimens were fixed on glass by rubber cement; then, the top and bottom surfaces of specimens were fixed to the holder of the diffractometer fixed by rubber cement. Diffraction experiments were performed with step scanning over the diffraction angle range 2θ = 25 o to 35 o . A step size of 0.02 and scan speed of 1°/min were used to determine the peak position and composition. The peaks in the XRD profile were compared with library data, and the monoclinic/tetragonal phase ratio, X M , was calculated using the following equation:
where I M (111), I M (111), and I T (111) are the relative intensities of the monoclinic (111), monoclinic (111), and tetragonal phases, respectively.
Scanning electron microscopy (SEM)
The surface grains of each subgroup were analyzed under a vacuum environment using a scanning electron microscope (MIRA3; TESCAN, Brno, Czechoslovakia). For this purpose, the specimens were ultrasonically cleaned in an acetone for 12 minutes, air-dried for 5 seconds, and then mounted on aluminium stubs with adhesive carbon tape (Ted Pella Inc., Redding, CA). The specimens were sputter-coated with goldpalladium for 45 seconds to prevent charge accumulation. Photographs were recorded at magnifications of 30.0 k and 50.0 k.
Flexural strength
For mechanical property measurements, the specimens were subjected to a three-point bending test using a universal testing machine (EZ-20; Lloyd, London, UK) at a 0.5 mm/min crosshead speed. The load to failure of the specimens was recorded in newtons (N), and the flexural strength was calculated in megapascals (MPa). To estimate the reliability and variability of the strength, the Weibull modulus (m) was calculated. The following equation was used to calculate the flexural strength:
where is the bending strength; P is the load at failure; L is the outer and inner span length, respectively; w is the specimen width; and h is the specimen thickness. 
Vickers hardness
Vickers hardness was determined using the indentation technique (HXD-1000TMC; Taiming, Shanghai, China) by applying the Anstis model. 24, 25 An indentation load of 9.807 N for 15 seconds was applied.
Statistics
Statistical analysis was performed using SPSS 19.0. The flexural strength data were analyzed for the same brands and thicknesses but at different aging times; each group detected three areas, and the statistical significance was set at p < 0.05.
Results

XRD analysis
The XRD peaks were compared with the library data, i.e., the standard file (17-0923) for zirconium oxide. The XRD results for the specimens without autoclaving revealed only the tetragonal phase; however, the XRD analysis for the 10-and 20-hour groups indicated various ratios of the tetragonal and monoclinic phases depending on the aging time. For instance, in the case of LAVA, the major peak due to the monoclinic phase was more intense for the 20-hour autoclaved specimen than for the 10-hour specimen both for the 0.8 mm and 1.5 mm thickness groups. In addition, in the Y-TZP specimens the monoclinic phase increased with the decrease of the specimen's thickness and showed a regular change (Fig 2) . The relative intensities of the tetragonal and monoclinic phases changed for different materials depending on the aging time and thickness (Fig 3) .
SEM investigation
Scanning electron micrographs of the aged specimens can be seen in Figure 4 . VITA 0.8 mm aged for 10 hours (Fig 4B) presented a clearly rougher surface than VITA 1.5 mm aged for 10 hours (Fig 4E) . Moreover, the SEM image of the unaged Superscript value before " / " is P value compared with 0.8 mm group; the value after " / " is p value for 0.8 mm group compared with 0-hour group.
VITA groups (Fig 4A, 4D ) and aged groups (Fig4B, 4C,4E, 4F) indicated grain pull-out and higher surface roughness after accelerated aging.
Flexural strength
The mean 3-point flexural strength and standard deviation of 3M LAVA, Vita In-Ceram YZ, Wieland Zenostar T1, and Upcera ST are listed in Table 1 shown in Figure 5 . In all four brands of Y-TZP, the mean flexural strength was higher for the non-aged specimens than for the autoclaved specimens. Irrespective of the brand, the flexural strength was higher for the 1.5-mm-thick group than for the 0.8 mm group. The Vita InCeram YZ specimens with 1.5 mm thickness that were aged for 10 hours had the highest flexural strength of those aged for 10 hours. The 0.8-mm thick 3M LAVA specimen aged for 20 hours had the lowest flexural strength.
Vickers hardness
Representative results and an overview of the Vickers hardness tests are shown in Table 2 . At longer aging times, a sharp, clean Superscript values before " / " is p value compared with 0.8 mm group, the value after " / " is p value, 0.8 mm group compared with 0-hour group.
Figure 6
Representative results of Vickers hardness tests.
impression could be observed. When the specimen thickness was increased, the Vickers hardness improved (Figs 6 and 7) .
Discussion
All-ceramic restorations are being frequently employed for tooth reconstruction. Because of their superb biocompatibility and favorable mechanical properties, 26, 27 Y-TZP ceramics can be used as alternatives to conventional metal frameworks (as part of metal-ceramic FPDs). More recently, dental zirconia has also been introduced for full-contour 'all-zirconia' crowns and FPDs. This study investigated the effect of thickness on the structure and flexural strength of four commercial Y-TZP dental materials under extreme in vitro conditions. The null hypothesis that thickness does not weaken the Y-TZP was rejected for the four groups (LAVA, Vita, Wieland, and Upcera).
As expected, a fraction of the tetragonal phase at the surface of the Y-TZP specimens subjected to hydrothermal aging conditions transformed into the monoclinic phase. 28 However, the degree of transformation and the effect on mechanical strength varied dramatically between the groups (Tables 2, 3 ). The percentage of the monoclinic phase increased with aging time (Fig 2) . After 10 hours, the 0.8 mm groups contained between 11.37% (VITA) and 18.87% (LAVA) monoclinic zirconia, while the 1.5 mm groups contained between 8.83% (VITA) and 16.96% (LAVA) monoclinic zirconia at or near the surface of the beams, as measured by XRD. SEM observations showed that the grain size after LTD varied between the 0.8 mm groups and 1.5 mm groups from the surface (Fig 3) , suggesting that the depth of LTD is influenced by the Y-TZP thickness. Microcracks in the transformed surface layer decreased the fracture strength, as predicted by fracture mechanics, and the fracture strength decreased with increasing depth of the transformation zone. When the saturation in the monoclinic phase is reached at the surface, the phase transformation proceeds into the bulk of the Y-TZP ceramic. Under these conditions, internal flaws can be critical, and the flexural strength is degraded.
Nevertheless, further reduction of the flexural strength was not observed below 800 MPa (except for the LAVA specimens). The strengths were still higher than those of clinically available ceramic restorative materials and exceeded the value of the previously reported occlusal force. 29, 30 The flexural strength of the thin blocks was more sensitive to surface flaws than that of thicker specimens. Recent studies have shown that all-ceramic restorations have become thinner to the level of autologous dental tissue and guarantee better comfort to the patients. Therefore, in this study, 0.8-mm-thick Y-TZP was used for restorations, as it shows potential for realizing thinner restorations in the future. 31 Furthermore, long exposure times (20 hours) are chosen to far exceed the expected lifetime of dental restorations and to consider hitherto unknown factors such as stress concentration and other uncertainties. As per the ISO standards, 23 Chevalier et al 15 specified that when zirconia is aged in an autoclave at 134°C and 0.2 MPa for 5 hours, its lifetime can be extended to 15 to 20 years, which is comparable to that at human body temperature. Based on the life prediction of LTD, the extended aging times employed in this study would correspond to 30 to 80 years at body temperature.
These observations illustrate the robustness of Y-TZP and its resistance to surface degradation. Further, the results coincide with those of clinical studies evaluating zirconia-based FPDs over a 5-year follow-up. [32] [33] [34] The study also demonstrated that the four Y-TZP brands show similar behavior and that their processing may affect their microstructure and resistance to LTD. This in vitro investigation did not simulate clinical oral conditions, and therefore, the results must be interpreted with caution. An in vitro study assessing these materials with 3 to 4 years of water storage at 37°C may generate more clinically relevant data. To duplicate the clinical situation, an improved experimental model in which repeated vertical and lateral force is applied to the veneer/core specimens after low-temperature aging, must be used. In addition, the results of medium-and long-term clinical trials are necessary. Thickness affects the strength of Y-TZP and may increase its surface roughness, which in turn may enhance wear of the opposing dentition. Further research on the effect of thickness on the surface roughness of Y-TZP for monolithic restorations will be of value for dental practitioners.
Conclusions
Considering the limitations of the present study, the following conclusions can be drawn:
1. A thinner Y-TZP specimen was likely to present surface defects and microcracks after aging. 2. The flexural strengths of all four Y-TZP materials decreased with a decrease in the thickness, which is a notable avenue for further studies. 3. Hydrothermal aging of Y-TZP can induce significant transformation from the tetragonal to monoclinic crystal structure, which also results in a statistically significant decrease in the flexural strength.
